Temperature and energy performance of refrigerated retail display and commercial catering cabinets under test conditions by Evans, JA et al.
Temperature and energy performance of refrigerated retail display cabinets under test conditions
J.A. Evans*, S. Scarcelli and M.V.L. Swain
FRPERC, University of Bristol, Churchill Building, Langford, Bristol, BS40 5DU, UK
*Corresponding author, Fax: +44 (0)117 928 9314, E-mail: j.a.evans@bristol.ac.uk
Abstract
An analysis of the performance of well freezers, chest freezers, frozen and chilled door cabinets (solid or glass door) and open fronted chilled cabinets under EN441 test conditions demonstrated that maximum temperatures in cabinets were generally in the most exposed (to ambient) areas and that minimum temperatures were located in the least exposed areas.  Detailed positions of maximum and minimum temperature varied between cabinet types. In chest freezers 95% of the maximum temperature positions were located in the top layer and 95% of the minimum temperature positions were located in the middle layer of the cabinets. In full door frozen cabinets the maximum temperature position was in the majority of cases on the top shelf (64%) with most maximum packs being at the front of the top shelf (53%). In the chilled full door cabinets 94% of the maximum temperature packs were situated at the front of the cabinet.  In open fronted cabinets the majority of maximum temperature packs (97%) were located at the front of the cabinet, the largest number (60%) being at the front of the base of the cabinet.  In well cabinets the majority of maximum temperature packs (81%) were located in the top layer of the cabinet and the majority (91%) of minimum temperature packs were located in the bottom of the cabinet.
Large differences in energy consumed by cabinets of similar size and temperature performance were found indicating that large reductions in energy and CO2 emissions could be achieved by selection of the most efficient cabinets.
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1.	Introduction
In the UK total sales of chilled food grew by 18.4% between 1999 and 2003, to a value of £7.68bn [​[1]​].  Although the changes in the market for frozen food have been less dramatic it has made steady growth in recent years with a 1.3% growth in value in the year 2003/4 [​[2]​].  Being able to maintain the temperature of this food is of vital importance to retailers to ensure optimal food quality, safety and shelf life [​[3]​].  Over the past few decades, the supermarkets have gradually established a strong influence on the food market in the UK. More than 90% of the population now use supermarkets as their main or sole place of shopping [​[4]​].  In supermarkets, display in open fronted refrigerated cabinets is the most common method of keeping chilled food at the required temperature and also allowing the customer almost unrestricted access to the food.  Frozen food is most commonly stored in either open well cabinets or in freezers with glass doors.
Refrigeration is the largest load in a supermarket accounting for nearly 60% of the electricity consumption [​[5]​].  For a typical size food retail store, 3,500 MWh of electrical energy will be consumed in a year [​[6]​], of which 2,100 MWh can be due to the refrigeration systems.  If the refrigeration system cannot cope with the heat load, product temperatures may rise to unsafe levels.  It has been shown that mean food temperatures between chilled multi-deck cabinets in stores can range from -1°C to 16°C [​[7]​].  This range causes food manufacturers problems when defining shelf life and results in shelf lives that are either unduly cautious or potentially risky.
Although several surveys have presented data on food temperatures in supermarkets the data on temperature variation within individual cabinets has been quite general and often contradictory.  Magnusssen [​[8]​], Dennis and Rose [​[9]​] and Rogers and Althen [​[10]​] all reported that product temperatures were higher in the top layer of food in open display cases.  Gormley [​[11]​] found that product temperatures tended to be higher in the top decks than the lower decks of multi-deck retail cabinets whereas Faramarzi, Coburn and Sarhadian [​[12]​] found the opposite.  Gill et al [​[13]​] found the lowest temperatures to be on intermediate shelves.  Brimelow [​[14]​] reported temperatures at the rear of upright cabinets to be colder than temperatures at the front of shelves and this was corroborated by Greer, Gill and Dilts [​[15]​] and Gill et al [13] for a chilled meat case.
Almost all cabinets sold in Europe are tested to determine their temperature performance and energy consumption.  Until recently the test standard has been EN441 (this has recently been superseded by BS EN ISO 23953-1:2005 Part 1 and 2 [​[16]​, ​[17]​] that has similar tests but slightly more stringent test room requirements).  EN441 consists of 12 parts of which part 4 [​[18]​] defines general test conditions, part 5 [​[19]​] defines the temperature tests, part 6 [​[20]​] defined the classification according to temperature, part 9 [​[21]​] defined the electrical energy consumption test and part 12 [​[22]​] defines the heat extracted by the evaporator.
Supermarkets are placing increasingly stringent demands on retail display cabinet manufacturers to develop cabinets that are capable of achieving close temperature control with low energy consumption.  There has however, been little reported work on comparative performance of cabinet under similar tests conditions where performance can be directly compared.  This study reports and compares data from tests carried out on 208 examples of open fronted multi-deck, open topped well, glass lid chest and glass and solid door upright, shelved cabinets all tested to the EN441 test standard in the same test facility.
2.	Materials and methods
2.1	Cabinet types
The performances of 4 types of cabinet were considered; open fronted chilled multi-deck cabinets, frozen and chilled cabinets with doors (either glass or solid), frozen well cabinets and chest freezers (Table 1
Table 1).  All cabinets were commercial units designed for operation in retail outlets or catering kitchens.  All cabinet settings and controls were operated via controllers provided with the cabinet.  
2.2	Test room.
The tests were carried out in a test room conforming to EN441 standards.  The lighting level in the test room was 600±100 Lux at a height of 1 metre above floor level and was provided by fluorescent lighting similar to that, which would be found in most retail outlets.  Ambient conditions were monitored by a calibrated thermocouple (type-T accuracy of ±0.1°C) placed in the defined EN441 test position and a relative humidity meter (Protimeter DDp.989M, accuracy ±1 unit of the percentage figure) placed in the centre of the room.  
The tests were carried at climate class III (temperature of 25°C and relative humidity of 60%), IV (temperature of 30°C and relative humidity of 55%) or V (temperature of 40°C and relative humidity of 40%).  The number of cabinets tested at each climate class is shown in Table 1
Table 1.
The cabinets were installed into a test room and positioned in the test room approximately 500 mm from the sidewall.  Remotely operated cabinets were connected to a compressor and operated with refrigerant R404A.  Before testing all cabinets were commissioned to optimise their best performance by altering the controller settings and simple modifications that could be carried out without replacing cabinet components.
2.3	Cabinet loading.
The cabinet were loaded with standard test packs (consisting of 200 x 100 x 50 mm or 100 x 100 x 50 parallelepiped packs filled with oxyethylmethyl cellulose), and ‘m’ packs (the aforementioned 100 x 100 x 50 packs with a ‘t’ type thermocouple (copper-constantan) temperature sensor positioned at the geometric centre as specified in EN441-4 [18].  The cabinets were loading as specified in EN441-5 [19].  Diagrams of loading patterns are shown in Figure 1.
2.4	Energy consumption.
A power meter (Northern Design, accuracy ±1%) was connected in series with the stabilised mains electrical supply to monitor and record power consumption. 
2.5	Heat extraction rate.
The refrigeration effect, Ф, for remotely operated cabinets was found by applying the steady state flow energy equation between the inlet and outlet of the evaporator:
Ф = m (h3-h2)		(1)
Where m was the mass flow rate of the refrigerant, and h2 and h3 the enthalpies of the refrigerant at the entry and exit to the evaporator.  Measuring the pressure and temperature at the exit from the evaporator and the temperature at the entry to the evaporator allowed h2 and h3 to be calculated.  Using the mass flow rate of refrigerant in the liquid line (m), Ф could then be calculated from equation 1.
The following sensors were used to measure the above parameters:
Temperature - measured to an accuracy of ±0.1°C using calibrated copper-constantan thermocouples.  The thermocouples were strapped tightly to the liquid and suction pipes, embedded in heat transfer compound (zinc oxide jelled silicone) and the whole pipe insulated with 25 mm thick flexible Armaflex for 100 mm on either side of the measurement point.
Pressure - measured to an accuracy of 0.15% of reading using a calibrated strain gauge type pressure transducer excited with a 10 Vdc supply.
Mass flow - measured using a Danfoss DI50 coriolis mass flow meter.  The flow meter was calibrated prior to the tests and was found to be accurate to ±3.5% of reading.
2.6	Tests carried out.
Once commissioning had been completed the cabinet was ‘run in’ with the cabinet lights switched on according to EN441-5 [19] (cabinet operated until stable operating conditions achieved, i.e. all temperatures at corresponding points in a temperature cycle agreeing to within ±0.5°C during a period of 24 hours and no trend away from the mean temperature).
For well cabinets a 24-hour test was carried out with the cabinet lighting on.  In open fronted cabinets a 24-hour test was carried out with the cabinet lights on for a 12-hour period.  Cabinets with doors were tested over a 48-hour period where the cabinet door(s) were opened cyclically for 12 hours within each 24-hour period.  At the start of each opening cycle the door was opened for 3 minutes.  The door was then opened using an automatic door opening mechanism six times per hour for a total of 12 seconds (each time) in which the door was open at an angle of greater than 60° for 10 seconds.  If the cabinet had multiple doors the doors were opened in sequence within each 10-minute period.  If the cabinet was fitted with lights these were switched on one hour before the start of the door-opening test and were switched off one hour after the door-opening period.
2.7	Total Energy Consumption (TEC) and TDA (Total Display Area).
TEC for all cabinets was calculated according to the following equations [​[23]​]: 
TEC = DEC + REC	 (2)
DEC (Direct electrical Energy Consumption) = energy consumed by fans, heaters, defrost heaters, lighting, accessories as described in EN441-9 in kWh/24h [21]		 (3)
REC (Refrigeration electrical Energy Consumption) = tr * Ф0 * (Tc-T0) / (0.34 * T0) 	(4)
Where tr was 24h – defrost period in h, Ф0 was the heat extraction rate in kW based on EN441-12 [22], Tc was the conventional condensing temperature at 308.18 K (35°C) for European comparisons, T0 was the refrigerant evaporating temperature in K based on EN441-12 [22] and 0.34 was taken as the Carnot efficiency of refrigerating systems used in commercial refrigeration (established in TNO report R95-164)
TDA for all cabinets was calculated according to the following equation [23]: 
TDA = (Ho*Loh) + (Hg*Tgh*Lgh) + (Vo*Lov) + (Vg*Tgv*Lgv)		(5)
Where Ho was the open and Hg the glazed horizontal projection (m), Vo was the open and Vg the glazed vertical projection (m), Tgh was the light transmission through glazing surface for horizontal projection (%), Tgv was the light transmission through glazing surface for vertical projection (%), L was the cabinet Length (m), Loh was the horizontal open Length (m), Lov was the vertical open length (m), Lgh was the horizontal glazing length (m), and Lgv was the vertical glazing length (m).
2.8	Data recording and analysis.
Temperatures of the ‘m’ packs, relative humidity and power were recorded every minute using a data logging system (Labtech software and Datascan measurement modules, Measurement Systems Ltd.).  Pressures, mass flow and temperature of the refrigerant were recorded every 3 seconds throughout the test.
Mean, minimum and maximum temperatures at each measurement position and the overall mean and the overall mean of visible ‘m’ packs was calculated.  Heat extraction rate was calculated as described above (using method described in EN441-12 [22] with 25% of the data removed for defrosts) and overall direct energy consumption calculated per 24 or 48 hours of the period.
Data from all cabinets was examined using a χ2 test to determine whether position of maximum and minimum temperature varied between sub sets within each cabinet type.  The relationship between TDA and TEC and overall mean temperature in the cabinets (over a 24 hour test period) and TEC/TDA were examined to determine whether a relationship existed between any of these factors.  Information on positions of minimum and maximum temperature was obtained from the full data set but data relating to energy consumption and mean temperature in the cabinets was restricted to data obtained at climate class III.  It should be noted that when testing the aim was to achieve the M1 for chilled cabinets and the L1classification for frozen classifications but that all cabinets could not totally achieve these specifications.  Therefore the data reflects performance of cabinets available on the market that were set up to achieve the best temperature performance they were capable of.
3.	Results and discussion
3.1	Position of maximum and minimum temperatures.
3.1.1	Chest freezers.
All chest freezers analysed were integral units without any internal lighting.  Figure 2 shows the positions of maximum and minimum ‘m’ pack temperatures within the 21 cabinets examined.  By far the majority of maximum ‘m’ packs (95%) were located in the top layer of the cabinet and the majority of minimum ‘m’ packs (95%) located in the middle layer of the cabinets.  Most (67%) of the maximum ‘m’ packs were located at position 5, at the centre of the top layer.  The minimum temperature ‘m’ packs were located at a variety of positions, the majority (57%) being at the front of the cabinet at positions 7, 8 and 9.

3.1.2	Full door cabinets.
The cabinets with doors could be divided into chilled and frozen units, integral (refrigeration system part of cabinet) and remotely operated (refrigeration system separate from cabinet) units and into units with solid and glass doors.  No significant differences (P>0.05) were found between position of maximum and minimum temperature in integral and remote cabinets and cabinets with solid and glass doors.  Significant differences (P<0.05) between position of maximum and minimum temperature in chilled and frozen cabinets were found.  Data are therefore presented as maximum and minimum temperature positions in chilled and frozen cabinets (Figure 3a and Figure 3b).
In the frozen cabinets the maximum temperature position was in the majority of cases on the top shelf (64%) with most maximum packs being at the front of the top shelf (53%).  Overall 86% of the maximum temperature packs were located at the front of the cabinet.  In the chilled cabinets 94% of the maximum temperature packs were situated at the front of the cabinet but the distribution of maximum temperature packs was more even between shelves with 36% being in the top of the cabinet, 15% being on the middle and 49% being at the bottom.
The position of minimum temperature was most often located at the rear of the cabinet (94% of packs in the frozen cabinets and 79% in the chilled cabinets).  The majority (70%) of minimum temperature packs in the chilled cabinets were located in the top of the cabinet.  In the frozen cabinets the position of minimum temperature was more evenly distributed throughout the cabinet with 28% being in the top, 25% in the middle and 47% in the bottom.
3.1.3	Open fronted cabinets.
No significant (P>0.05) differences were found between positions of maximum and minimum temperatures in integral and remote and horizontal and angled shelf cabinets.  The no canopy cabinets were not analysed separately as only 12 models were included in the analysis and this was too small a number to be significant.  Therefore all open fronted cabinets were analysed together.
The positions of maximum and minimum temperature in open fronted cabinets are shown in Figure 5.  The majority of maximum temperature packs (97%) were located at the front of the cabinet, the largest number (60%) being at the front of the base of the cabinet.  The majority (98%) of the minimum temperature positions were at the rear of the cabinet with 15% being at the top, 39% being in the middle, 22% being in the bottom and 22% being in the base of the cabinet.
3.1.4	Well cabinets.
No significant difference (P>0.05) was found between positions of maximum and minimum temperatures in integral and remote well cabinets.  Therefore all data could be analysed together.  The majority of maximum temperature packs (81%) were located in the top layer of the cabinet and the majority (91%) of minimum temperature packs were located in the bottom of the cabinet.  Sixty-seven percent of minimum temperature packs were located at position 2 (rear centre) and 67% of maximum temperature packs were located at positions 7 and 9 (top front left and right) in the cabinet.  
3.2	Relationship between TDA and TEC.
The relationship between TDA and TEC for chilled and frozen cabinets is shown in Figure 7.  Overall there was a reasonable relationship between TDA and TEC (regression R2 value for chilled was 0.66 and for frozen, 0.78) indicating that the amount of energy used in chillers and freezers was loosely related to the cabinet display area.  The results indicated that frozen cabinets tended to use more energy for the same display area than chilled cabinets.  There was still however, a variation in energy used by cabinets with the lowest energy consuming frozen cabinets using less energy than the worst chilled cabinets at comparable TDAs.
3.3	TEC/TDA and temperature.
It would be expected that more energy would be required to maintain similar sized cabinets at a lower temperature.  It would also be expected that as cabinet size increased less energy would be required per unit area as the ratio between surface (wall or open areas where heat could be transferred) to volume would decrease.  Figure 8 shows the relationship between TEC/TDA and overall mean temperature in the cabinet over a 24-hour test.  Overall there was a poor relationship between TEC/TDA and temperature in the cabinets analysed.  There was however, in both chilled and frozen cabinets, a slight overall decrease in temperature as TEC/TDA increased.  For both chilled and frozen cabinets there was a large range in the overall mean temperature for similar TEC/TDAs indicating that certain cabinets used less energy than others to achieve the same overall temperature within the cabinet and were therefore more efficient.
3.4	TEC/TDA and cabinet type.
Table 2 shows the mean TEC/TDA for each cabinet type.  Well cabinets had the highest TEC/TDA and chest freezers the lowest TEC/TDA.  ANOVA showed that there was no significant difference (P<0.05) between TEC/TDA for chest freezers and chilled door cabinets.  Significant differences were found between these 2 cabinets and all other cabinet types.
3.5	Mean temperature and cabinet type.
Table 3 shows the overall mean temperature measured for each cabinet type.  Chest freezers had the lowest overall temperature and chilled door cabinets the highest overall temperature.  ANOVA showed that there was no significant difference (P<0.05) between mean temperature in well freezers and frozen door cabinets.  Significant differences were found between these 2 cabinets and all other cabinet types.
3.6	Range in temperature (maximum to minimum) and cabinet type.
Table 4 shows the range in temperature measured for each cabinet type.  Frozen chest and well cabinets were found to have the largest range in temperature and open fronted and chilled cabinets with doors the least.
4.	Discussion
The exact positions of maximum and minimum temperature were found to vary between cabinet types but generally maximum temperatures were in open or exposed (to ambient) areas of the cabinet and minimum temperatures in the least exposed areas.  In chest freezers the maximum position was in 67% of cases at the centre of the top layer.  This would be expected as the centre pack would be furthest from the evaporator in the cabinet walls and would be least well insulated as well as being influenced by radiant heat from the cabinet lid or surroundings during door openings.  The position of minimum temperature in chest freezers varied but was generally in the middle layer and was probably influenced by the evaporator configuration within the cabinet walls.  
As would be expected the maximum ‘m’ pack position in well freezers was in the top layer where packs were most exposed to the ambient conditions.  The largest number of maximum temperature ‘m’ packs (67%), were at positions 7 and 9, at the edges of the cabinet close to the return air grille.  Minimum temperature ‘m’ packs were in 67% of cases at position 2 at the rear of the bottom layer, closest to the air leaving the evaporator and well insulated from the cabinet end walls.
In open fronted cabinets the maximum temperature ‘m’ packs were almost always at the front of the cabinet with 60% being at the front of the well.  This would be expected as these packs are most exposed to radiant heat due to the loading pattern used in testing (Figure 1) and are least likely to be protected by the air curtain that has usually become highly turbulent by the time it reaches the bottom shelves.  Packs on shelves in the base of the cabinet were therefore more reliant on cooling from air leaving the rear back panel and the ability of the cabinet designer to be able transfer cold air from the rear of the cabinet (where packs were coldest) to the front.
In cabinets with doors, maximum temperature packs were located at the front of the cabinet, mainly at positions 4 and 6 (front edges).  There were differences between frozen and chilled cabinets with the majority of maximum temperature ‘m’ packs (64%) being at the front of the top layer in frozen cabinets whereas the position of maximum temperature was most often (45%) at the front of the bottom shelf.  Likewise the position of minimum temperature varied with 44% of minimum temperature packs being at the rear of the bottom shelf in freezers whereas 55% of the minimum temperature packs were at the rear of the top shelf in chillers.  The airflow within the glass door and solid door cabinets was slightly different but statistically there was no difference in the positions of maximum and minimum temperature in these cabinets. Differences were more likely to have been due to the density of the air being greater in the frozen cabinets.  This would be likely to result in the cold air dropping to the base of the frozen cabinets and collecting there more readily than in the chilled cabinets.
Linear regression showed that TDA was reasonably well related to TEC for both chilled and frozen cabinets.  The most efficient cabinets (i.e. those using the least energy per unit TDA) were those with the least exposure to the ambient conditions (i.e. chest freezers and chilled door cabinets). The worst those with the largest area exposed to the ambient (i.e. well freezers).  TEC/TDA was relatively poorly related to mean temperatures in the cabinets.  As would be expected there was a slight decrease in temperature as TEC/TDA increased as larger cabinets would be expected to be inherently more efficient as they would have less surface to volume ration.
Low TEC/TDA was not directly related to low overall mean temperature.  Chest freezers and chilled door cabinets had the lowest TEC/TDAs.  Chest freezers had the lowest mean temperature whereas chilled door cabinets had the highest overall mean temperature.  This might indicate that the chilled door cabinets were only efficient due to poor temperature control.  However, the range in temperature in each cabinet type also needs to be taken into account.  The chilled door cabinets had the lowest range in temperature of any of the cabinets analysed and therefore to obtain the same temperature classification the mean temperatures tended to be higher compared to other chilled cabinets where temperatures needed to be more extreme.
The analysis showed that based on cabinets currently on the market there were large overall differences between cabinet types and within cabinets of each type.  Energy savings of 10-20% could easily be achieved by selecting the best model within each cabinet type.  
5.	Conclusions
Analysis has shown that the majority of cabinets have maximum and minimum temperatures in similar positions.  Cabinet designers can use this information to understand and improve cabinet performance.




Figure 1.  Cabinet loading patterns.
Figure 2.  Position of maximum and minimum temperatures in chest freezers.
Figure 3.  Position of maximum and minimum temperatures in full door freezers.
Figure 4.  Position of maximum and minimum temperatures in full door chillers.
Figure 5.  Position of maximum temperatures in open fronted cabinets.
Figure 6.  Position of maximum temperatures in well cabinets.
Figure 7.  Relationship between TDA and TEC for all chilled and frozen cabinets.





Table 1.  Cabinet types and test conditions.
Table 2.  Overall mean TEC/TDA and standard deviations for all cabinets analysed.
Table 3.  Overall mean temperature and standard deviations for all cabinets analysed.

















Glass or solid door cabinet

Well cabinet
























































*12 open fronted cabinets (all remote) were no canopy cabinets, all with angled shelves








Open front (chilled)	87	10.9 b	4.3
Door (frozen)	25	19.0 c	5.6
Well (frozen)	21	23.7 d	12.8
a, b, c, d. Significant difference (P<0.05)








Open front (chilled)	87	1.9 c	1.3
Door (chilled)	20	3.7 d	2.3
a, b, c, d, Significant difference (P<0.05)








Open front (chilled)	87	7.8 c	3.0
Door (chilled)	20	6.7 c	3.7
a, b, c, Significant difference (P<0.05)
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